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Resumen
El campo de la impresión y la bioimpresión 3D ha alcanzado un gran desarrollo en los últimos 
años. La llegada de estas técnicas de biofabricación a la ingeniería tisular han supuesto una 
revolución debido a las estructuras biomiméticas tan complejas que permiten sintetizar. El uso del 
quitosano como componente de tintas basadas en polímeros naturales es muy atractivo debido a las 
propiedades beneficiosas que presenta (alta biocompatibilidad, biodegradabilidad, bajo coste). Sin 
embargo, su aplicación se ve limitada por su baja solubilidad en condiciones fisiológicas y sus pobres 
propiedades mecánicas. En este artículo, revisamos el estado del arte relacionado con las estrategias 
actuales de impresión 3D que hacen uso de tintas y biotintas basadas en quitosano para el desarrollo 
de soportes biomiméticos. También analizamos las estrategias de entrecruzamiento que se aplican 
actualmente para mejorar su printabilidad, resaltando además los derivados de quitosano disponibles 
que permiten encapsular células para bioimpresión 3D, incluyendo además nuestra contribución al 
campo. Prevemos que el uso de quitosano en la impresión 3D aumentará significativamente en los 
próximos años gracias a los esfuerzos que se están desarrollando en términos de mecanismos de 
gelificación y derivados de quitosano que permiten la encapsulación celular.
Palabras clave: quitosano, impresión 3D, fidelidad de forma, ingeniería tisular, procesos de 
gelificación
Abstract 
3D printing and bioprinting fields have experienced a rapid development in the last years. The 
arrival of this biofabrication technology to tissue engineering applications has revolutionized the field, 
since highly complex and biomimetic constructs can be synthetized. Chitosan is a promising natural-
derived polysaccharide to be used as ink because of their attractive properties (e.g. biodegradability, 
biocompatibility, low cost). Nevertheless, its application has been limited due to their poor solubility 
properties at physiological conditions and soft stiffness, which significantly reduces shape fidelity 
and resolution of the printed scaffolds. This paper reviews the state-of-the-art in terms of 3D printing 
technology using chitosan-based inks and bio-inks. Printing and crosslinking strategies applied 
to improve printability of the inks are also reviewed, highlighting the current available chitosan 
derivatives that can be used for cell-encapsulation in 3D bioprinting. Finally, we also describe our 
contribution to the field using a novel crosslinker compound to improve shape fidelity and biological 
features of 3D printed scaffolds. We envision that the use of chitosan in 3D printing will significantly 
increase over the next years thanks to the many efforts are being made in terms of development of 
new gelation mechanisms and chitosan derivatives that allow cell encapsulation.
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ECM - extracellular matrix 
TPP - tripolyphosphate 
HBC - hydroxybutyl-chitosan 
GelMA - methacrylated gelatin 
UV - ultraviolet 
CMC - Carboxymethyl-chitosan 
MSCs - mesenchymal stem cells 
iPSCs - induced pluripotent stem cells 
β-GP -β-glycerolphosphate 
Introduction
Three-dimensional (3D) printing has ari-
sen in the last years as a promising tool for the 
development of biofunctional and biomimetic 
3D scaffolds for tissue engineering applica-
tions. 3D printing is an additive manufactu-
ring technique that allows the fabrication of 
extremely precise structures with high degree 
of complexity and meticulous details at the 
micrometer level [1, 2]. Moreover, cell-laden 
scaffolds can be also synthetized by using 
bioinks, which are the combination of printa-
ble materials and living cells. This process is 
termed 3D bioprinting or cellular 3D printing 
[1, 3, 4].  
3D printing provides important advantages 
that can play a pivotal role in the effective rege-
neration of tissues respect to traditional fabri-
cation techniques (e.g. solvent casting, freeze 
drying, electrospinning). These conventional 
methods usually lead to uncontrolled and 
random pore distribution since they are not 
able to fabricate accurate pore sizes and geo-
metries, which also result in low interconnec-
tivity [2]. Moreover, inaccurate cell distribu-
tion due to random geometries generated by 
traditional methodologies can be problematic 
because cell growing and differentiation pro-
cesses usually need from precise arrangements 
depending on the tissue function [2, 4]. For 
example, endothelial cells need from aligned 
structures for the development of blood ves-
sels or osteoblasts arrange to form mineralized 
clusters [2] or other tissues, like cartilage, are 
characterized by hierarchical structures with 
very specialized cells in each layer [4, 5]. 
3D printing has traced a continuous evo-
lution in the last decades to overcome these 
limitations and brings the opportunity to fa-
bricate scaffolds that promote functional tis-
sue regeneration. Nevertheless, researching on 
novel biocompatible inks and printing strate-
gies that fulfil the main biofabrication require-
ments is still necessary for the progress of the 
field.  
Hydrogels have been traditionally used for 
tissue engineering applications due to their 
excellent biocompatibility, since they recapi-
tulate the natural extracellular matrix (ECM) 
and provide a highly hydrated environment 
for mechanical and biological cell support 
[4]. Many efforts have been made to enhance 
bioactivity and biocompatibility of hydrogels 
for functional tissue regeneration, but little at-
tention has been paid to the improvement of 
their physico-chemical and mechanical pro-
perties [1, 3, 4]. The bottleneck of hydrogel-
based inks use in 3D printing is their lack of 
printability due to their high-water content 
which leads to poor mechanical properties 
and processability. Printability is a key factor 
regarding 3D printing because it is an essential 
property to achieve high resolution and shape 
fidelity. Thus, fast crosslinking mechanisms 
are interesting to improve printability of hy-
drogels because a fast phase transition (from 
a liquid-like solution to a solid state) will im-
prove manufacturing process [3, 6]. Finally, a 
suitable ink must also exhibit shear-thinning 
properties while printing, adequate mecha-
nical stability for maintaining the shape after 
printing, and good structural integrity at phy-
siological conditions. Moreover, they should 
be cytocompatible if cells are encapsulated 
and printed along with the hydrogel [7]. 
Chitosan is a natural polysaccharide ob-
tained from the alkaline deacetylation of chi-
tin, and composed of randomly distributed 
β-(1→4)-linked D-glucosamine (deacetylated 
unit) and N-acetyl-D-glucosamine (acetyla-
ted unit) (Figure 1) [6, 8]. Chitosan is biode-
gradable, biocompatible, non-toxic, and its 
origin makes it a renewable and eco-friendly 
material [8]. Chitosan exhibits a pKa value of 
6.2, which means that below this pH, amino 
groups (NH2) of chitosan chains are protona-
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ted (NH3+), and the polymer becomes catio-
nic and soluble. Above this pH chitosan rema-
ins insoluble (Figure 1). In addition, positive 
charges of chitosan allow it to interact with a 
wide range of molecules. However, chitosan 
is characterised by weak mechanical proper-
ties, specially under hydrated conditions [8]. 
Thus, numerous efforts have been made to 
improve the mechanical strength of chitosan 
by the incorporation of additives [9-14] or 
the application of different gelation methods 
[15]. Specifically, chitosan can experience a 
sol-gel transition by different gelation pro-
cesses which can be ionotropic, mediated by 
crosslinkers, or complexation with other poly-
mers (polyelectrolyte formation) [15]. 
Although the number of studies that use 
chitosan in the 3D printing field has increa-
sed exponentially in the latest ten years, the 
application of this polymer to this technology 
remains relatively low [16]. Some last studies 
have claimed the use of chitosan instead of 
alginate (i.e. the quintessential hydrogel-ba-
sed printable material) due to its better pro-
perties regarding cellular proliferation and 
differentiation [17]. Here, we describe the 
most recently applied printing techniques 
and crosslinking methods for chitosan in 3D 
(bio)printing field. We also highlight the im-
plemented chemical modifications to enhance 
the use of chitosan in bioprinting applications, 
including our contribution to the field using 
chitosan-based inks. We envision that the fur-
ther implementation of chitosan to printing 
technology will open a new door to the used 
of hydrogel-based inks for the fabrication of 
complex structures with promising applica-
tions in tissue engineering and drug delivery 
applications. 
3D printing approaches for the use of chito-
san-based inks 
Hydrogel-based inks printability remains a 
challenge due to their stiffness and shrink ten-
dency, which is one of the limiting factors in 
terms of shape fidelity. In this context, several 
strategies have been explored to improve hy-
drogel printing accuracy in the last years. One 
approach is the use of high viscous polymeric 
solutions, which are usually useful to obtain 
solid filaments that allow the deposition of 
robust hydrogel scaffolds with self-supporting 
capacity [4, 18].  Viscous inks can be obtained 
by: (i) increasing total polymer concentra-
tion, (ii) using polymers with high molecular 
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Figure 1. Chitosan chemical structure and transition phase at pH 6.2.
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weight, or (ii) combining two different poly-
mers that can form polyelectrolyte complexes 
[4]. Other approaches to enhance 3D printing 
deposition with high resolution are more fo-
cused on the development and optimization 
of crosslinking techniques which allow a fast 
sol-gel transition [15]. This approach is in so-
mewhat preferably in comparison to high vis-
cous solutions, since a low polymer content 
(<10 wt-%) will provide a lesser dense poly-
meric network with improved cellular perfor-
mance [4]. 
The characteristic pH-sensitivity of chito-
san provides an excellent opportunity to ex-
plore its gelation abilities, which have been 
successfully adapted to 3D printing methodo-
logies. Moreover, crosslinking and neutrali-
zation of chitosan to neutral pH is necessary 
previously to cell seeding [19]. 
Neutralization baths
As it has been explained before, chitosan 
phase rapidly precipitates at pH above 6.2. 
This transition from soluble to insoluble re-
sults in the formation of a hydrogel due to 
the neutralization of amino groups present in 
chitosan chains. Thus, hydrogen bonding and 
hydrophobic chain interactions are formed. 
However, neutralization steps are usually ac-
companied by shrinkage processes which sig-
nificantly reduce the shape fidelity and resolu-
tion of the printed scaffolds [6, 18].  To avoid 
this effect, Zhang et al. [18] proposed the in-
corporation of silk particles to chitosan solu-
tion to enhance mechanical properties and re-
duce post-shrinkage due to coagulation in 12 
wt-% NaOH solution after printing each layer. 
3D printed scaffolds showed improved post-
printing fidelity and mechanical properties, 
since compressive modulus increased up to 
5-fold after silk particles reinforcement. Wu et 
al. [6] analysed in their study the effect of neu-
tralization steps on the mechanical properties 
and printing fidelity of very intricate struc-
tures.  They used very concentrated chitosan 
solution (10 wt-%) that was dissolved in an 
acidic mixture, and 3D printed scaffolds were 
immersed in a 1 M NaOH solution as coa-
gulation bath. In this work, the authors were 
able to fabricate complex scaffolds with very 
high resolution (≈ 30 μm). In other interesting 
work, Almeida et al. [20] analysed the cytoki-
ne secretion profile of seeded macrophages in 
chitosan 3D printed scaffolds that were neu-
tralised after immersion in a 8 wt-% NaOH 
solution. They surprisingly found out that ma-
crophage responses were dependent on spe-
cific parameters of the 3D printed structures 
(e.g. chemistry, topography, architecture). 
Freeze deposition methodology combined 
with subsequent neutralization steps have 
been also widely applied for the 3D printing 
of chitosan-based inks [15, 21, 22]. Elviri et al. 
[21] prepared chitosan scaffolds by their de-
position in a cryogenic chamber followed by 
gelation in a 8 wt-% KOH solution. In addi-
tion, they used raffinose as viscosity modifier. 
Fibroblasts were seeded on the top of the 3D 
printed scaffolds and showed excellent cell ad-
hesion and proliferation. This approach was 
further optimized and applied in diabetic rats 
for wound healing evaluation by Intini et al. 
[22]. Wounds treated with their 3D chitosan-
raffinose printed scaffolds demonstrated ex-
cellent tissue regeneration and functionality 
respect to commercially available products. 
On the contrary, although shrinkage after 
3D printing is not desirable to maintain high 
shape fidelity, it is directly related to hydration 
capacity, which is an essential property to be 
evaluated for tissue engineering applications. 
Since proteins and bioactive compounds ad-
sorption will depend on swelling ratio, this 
property is crucial to mimic the native ECM 
and enhance biocompatibility of the 3D prin-
ted scaffolds. Bergonzi et al. [15] carried out 
a profound study where 3D printed scaffolds 
were neutralized with three different gelation 
solutions: KOH, Na2CO3, and ammonia va-
pours. The authors concluded that physical 
properties and stability at physiological condi-
tions depended deeply on applied coagulation 
media, and therefore they should be chosen in 
function of the target area of the body to be 
repaired. 
Ionotropic and crosslinker-mediated gelation
Cationic nature of chitosan provides enough 
positive charges under acidic conditions to 
electrostatically interact with negatively char-
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Figure 2. a) Light microscopy pictures (top) and scanning electron micrographs (bottom) of multi-
layered 3D printed scaffolds with different geometries using dual-step crosslinking processes con-
sisted of UV light irradiation and immersion in glycerylphytate solution for ionic crosslinking; b) 
Fluorescence pictures of live/dead assay performed on glycerylphytate-crosslinked scaffold (top) 
and TPP-crosslinked scaffold (bottom) after 24 hours of L929 fibroblasts seeding.
ged ions, leading to the formation of a phy-
sically crosslinked polymeric network. There 
is a huge variety of compounds and molecules 
that can be applied for chitosan crosslinking 
or gelation (e.g. citrates, phosphates such as 
tripolyphosphate (TPP). The type of molecu-
le will have an influence on the swelling and 
mechanical properties of the formed hydrogel 
[15]. Nevertheless, the crosslinking kinetics 
should be fast for its successful application in 
3D printing technology to ensure resolution 
and high printing fidelity [4]. 
Wang et al. [5] fabricated multi-layered (i.e. 
consecutive layers) hydrogels scaffolds using 
hydroxybutyl-chitosan (HBC), a thermosen-
sitive derivative of chitosan, and a one-step 
ionic post-treatment without the necessity of 
using strong base solutions. They evaluated 
the use of different salts and concentrations, 
concluding that 3D printed scaffolds treated 
with a 10 wt-% NaCl solution showed the 
best structural, mechanical and biological fea-
tures. In other interesting work, Hafezi et al. 
[23] synthetized 3D printed chitosan scaffolds 
crosslinked with genipin for wound chronic 
healing applications. Genipin is an ionic bio-
compatible crosslinker with low cytotoxicity, 
anti-inflammatory and antibacterial proper-
ties [24]. 
In our group, we synthetized a novel bio-
active ionic crosslinker name glycerylphytate 
[25] that was successfully applied in 3D prin-
ting technology [7]. In this work, multi-laye-
red 3D printed scaffolds were fabricated using 
a dual-step crosslinking process. A blend ink 
of low polymer content (8 wt-%) composed 
of methacrylated gelatin (GelMA) and chito-
san was first irradiated with ultraviolet (UV) 
light to carry out photopolymerization of Gel-
MA, followed by ionic crosslinking of amino 
groups present in chitosan and GelMA with 
glycerylphytate without the necessity of harsh 
neutralization or several washing steps. Thus, 
3D scaffolds with excellent shape fidelity and 
long-term stability were obtained (Figure 2a). 
Moreover, these scaffolds showed improved 
biological features in comparison to 3D prin-
ted scaffolds that were crosslinked with the 
traditionally used TPP (Figure 2b), which is 
also a phosphate-based ionic crosslinker. Spe-
cifically, glycerylphytate-crossslinked scaffolds 
showed higher L929 fibroblasts adhesion and 




The formation of chitosan polyelectroly-
te complexes is an interesting approach to 
improve mechanical properties of hydrogel-
based inks by the blending of different poly-
mers (e.g. gelatin, alginate) that can provide 
additional features to the systems than when 
they are used individually [15]. The forma-
tion of polyelectrolyte complexes involves 
electrostatic interactions between the mixed 
polymers, which exhibit opposite charges. 
Liu et al. [26] obtained 3D printed scaffolds 
from an alginate-chitosan polyion com-
plexes ink. The addition of chitosan to the 
polyanionic alginate was useful to increase 
the viscosity of alginate solution. Thus, 3D 
structures with excellent shape fidelity and 
improved mechanical strength were ob-
tained. Ng et al. [27, 28] used gelatin-chi-
tosan polyelectrolyte hydrogels for the 3D 
printing of skin constructs. The blend ink 
also exhibited higher viscosity due to the 
combination of both polymers that eased 
the 3D deposition of complex structures. 
In our work, where a GelMA/chitosan ink 
was crosslinked with UV light and glyceryl-
phytate crosslinker, we observed a similar 
behaviour. Viscosity of the blend between 
GelMA and chitosan increased the viscosity 
of the ink solution respect to those of indivi-
dual components, obtaining a self-standing 
filament that eased 3D deposition but still 
having a low concentrated ink (8 wt-% of to-
tal polymer content) [7]. This is an interes-
ting approach not only because different po-
lymers can be combined and provided their 
respective benefits to the whole system, but 
also because high viscosities can be achie-
ved with relatively low polymer content at-
tributed to interactions of polyelectrolytic 
type. This strategy will finally enhance prin-
tability of blend hydrogel solutions. 
Photocrosslinkable chitosan derivatives
Photopolymerization is an interesting te-
chnique for the development of stable cova-
lent-crosslinked hydrogels. In the last years, 
UV-crosslinkable chitosan derivatives have 
been developed and successfully applied 
in 3D printing [1, 11, 29, 30]. Sayyar et al. 
[11] carried out an interesting work whe-
re they combined photocrosslinkable chi-
tosan and chemically converted graphene 
for the synthesis of 3D printed conducting 
scaffolds. The addition of graphene to the 
composites improved not only mechanical 
properties of chitosan scaffolds but also their 
biocompatibility, as L929 murine fibroblasts 
showed higher cell adhesion. These scaffolds 
were also immersed in an isopropanol bath 
to achieve complete crosslinking. Saraiva et 
al. [30] also used methacrylated-chitosan in 
combination to GelMA to obtain more sta-
ble structures and enhance mechanical pro-
perties derived from photopolymerization 
processes of both polymers. The printed 
scaffolds were biocompatible and supported 
surface cells adhesion and internalization. 
Following other strategies, a different 
photosensitive chitosan was implemented 
by Bardakova et al. [31]. In this study, a chi-
tosan-g-oligo (L,L-lactide) copolymer was 
synthesized and photopolymerized using 
two-photon polymerization induced by mi-
crostereolithography method. The authors 
envisioned that their 3D printed structures 
would be excellent candidates for treating 
spinal cord injuries by the straightforward 
application of light and a chitosan-based 
ink.
3D bioprinting of chitosan-based bioinks
3D bioprinting is an attractive biofabri-
cation technique for the synthesis of intri-
cate bioactive constructs since it allows the 
simultaneous deposition of living cells and 
bioactive compounds along with biomate-
rials [10, 32]. 3D bioprinting is a very cus-
tomizable technology through which cells 
can be deposited at precisely controlled lo-
cations to mimic native tissue architectures 
[32].  The combination of living cells and 
biomaterial solutions are termed bioinks 
and they must meet a number of require-
ments for their successful processability: (i) 
suitable rheological properties to guarantee 
filament deposition; (ii) adequate mechani-
cal properties to ensure shape fidelity and 
avoid collapse between subsequent layers; 
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(iii) biocompatibility to ensure cell viability 
during printing process; and (iv) excellent 
cytocompatibility to support cell prolifera-
tion and differentiation [3, 4, 29, 33]. The 
characteristic pH sensitivity of chitosan is 
the main disadvantage for its application in 
3D bioprinting. The necessary acidic con-
ditions to obtain an adequate solubility of 
the polymer are not cell friendly, therefore 
impeding cell encapsulation in the ink. For 
this reason, chitosan derivatives that are so-
luble at physiological conditions  have been 
extensively developed and evaluated in the 
last years [16]. 
Carboxymethyl-chitosan (CMC) is an 
attractive chitosan derivative which exhi-
bits excellent solubility properties at a pH 
range between 7-9. Thus, it has been wi-
dely applied in 3D bioprinting as it allows 
cell encapsulation. Huang et al. [32] used a 
polysaccharide bioink blend composed of 
CMC, alginate, and gelatin together with 
bone mesenchymal stem cells (MSCs). The 
as-obtained 3D printed scaffolds were ioni-
cally crosslinked with CaCl2 solution. Mo-
reover, the 3D constructs exhibited high cell 
viability (around 85%) after 0 and 2 days of 
printing. In other work, Gu et al. [34] also 
used a similar polysaccharide combina-
tion for the 3D bioprinting of constructs 
that supported survival, proliferation and 
differentiation of human induced pluri-
potent stem cells (iPSCs). They extruded a 
bioink compounded by alginate, agarose, 
and CMC including iPSCs to fabricate 3D 
constructs that were crosslinked with CaCl2 
solution. The authors claimed that the addi-
tion of CMC provided scaffolds with bene-
ficial properties such as adequate porosity 
and permeability, low inflammatory reac-
tion, antimicrobial responses, and it even 
enhanced biological features regarding cell 
differentiation. 
β-glycerolphosphate (β-GP) has opened 
the door for the application of novel ther-
mosensitive chitosan-based hydrogel with 
spontaneous gelation at physiological tem-
perature in different biofabrication tech-
niques [29, 35]. Although the crosslinking 
mechanism between chitosan and β-GP re-
mains not well stablished, it is known that 
the addition of β-GP to chitosan solution 
rises the pH to neutral value and the as-ob-
tained hybrid hydrogel exhibits thermosen-
sitiveness, being able to spontaneously form 
hydrogels at 37 ºC [17, 36]. Demirtas et al. 
[17] presented a bioprintable form of chito-
san using β-GP for the first time. They suc-
cessfully printed MC3T3-E1 preosteoblast 
cell-laden hydrogels by thermal crosslin-
king. Moreover, they claimed the superiori-
ty of chitosan respect to alginate regarding 
cell performance. The benefits of β-GP/
chitosan combination were also taken by 
Roehm et al. [36], who optimized a 3D bio-
printing approach using a chitosan-gelatin 
blend ink that included IMR-32 cells from 
neuroblastoma. Addition of β-GP to the 
bioink allowed hydrogel formation at body 
temperature without the necessity of post-
printing processes. In addition, 3D bioprin-
ted scaffolds showed homogeneous cell dis-
tribution and high cell viability. 
HBC is a water soluble and thermosen-
sitive chitosan derivative that has been also 
applied in 3D bioprinting. HBC exhibits 
improved solubility properties at physiolo-
gical conditions while maintaining chitosan 
biocompatibility properties, which eases 
cell encapsulation [37]. Li et al. [37] used 
HBC in combination with oxidized chon-
droitin sulfate hydrogel for cartilage tissue 
regeneration. In this work, blend bioink was 
crosslinked by Schiff-based reaction, and 
pluronic F127 acted as sacrificial mold to 
improve shape fidelity and resolution of the 
bioprinted structures. Encapsulated-human 
adipose-derived MSCs showed low inflam-
matory expression profile in vitro and weak 
inflammatory response in vivo. 
Finally, a novel chitosan-cathecol bioink 
was recently developed by Lee et al. [38]. This 
bioink was directly printed in culture media, 
and vanadyl ions were added to improved 
mechanical properties of the constructs. The 
bioprinted systems having L929 encapsula-
ted-fibroblasts showed high cell viability (≈ 
90%), demonstrating that this is a promising 
and step-forward 3D bioprinting methodo-
logy to fabricate stable constructs (Figure 3). 
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Conclusions and future perspectives
Undoubtedly, 3D printing and bioprin-
ting have emerged as revolutionary techno-
logies, promising to counteract conventional 
fabrication limitations. Current 3D printing 
mechanisms allow precise design and fabri-
cation of intricate constructs through layer-
by-layer deposition of biomaterials and cells. 
However, the lack of printable hydrogel-based 
inks is hampering the progress of this techno-
logy for actual clinical applications. Chitosan 
has seized only a small area of its potential use 
in 3D printing and bioprinting fields due to its 
low printability properties. We present in this 
paper different chemical modifications of this 
polysaccharide or its combination with other 
compounds, which are attractive strategies 
to broaden its application. Currently, many 
efforts are being made on the development of 
new gelation mechanisms to improve not only 
chitosan processability and functionality, but 
also cell-encapsulation capacity. The summary 
of works presented in this paper can be a re-
presentative example of the substantial contri-
bution chitosan can make to 3D printing field 
in terms of tissue regeneration, as a myriad of 
studies support its beneficial properties and 
key role in the repair of several damage tis-
sues [8, 39]. In conclusion, due to the trans-
formation of 3D printing methodology to a 
more accessible technology, together with the 
tendency of using natural-derived materials, 
it can be predicted that chitosan-based inks 
will experience an increasing use in the next 
years. 
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bioprinted scaffolds pictures and live/dead assay performed on the scaffolds after printing process. 
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